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(57) ABSTRACT

A polarization converter and polarization conversion systems
are provided. The polarization converter and polarization
conversion systems include a patterned polarization grating
with left hand and right hand polarization grating domains.
The polarization grating domains are configured to diffract
incident non-polarized light into beams having left and right
circular polarization states.
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POLARIZATION CONVERTER BY
PATTERNED POLARIZATION GRATING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of U.S. Provi-
sional Patent Application No. 61/688,086, filed May 8, 2012,
which is incorporated by reference.

FIELD

The present invention relates to polarization converters,
and particularly to a polarization converter capable of con-
verting input non-polarized light to output linear or circular
polarized light with very high efficiency.

BACKGROUND

Photoalignment technology allows the fabrication of spa-
tially varying liquid crystal alignment patterns on photoalign-
ment layers. One of the types of devices that may be fabri-
cated utilizing photoalignment technology is a polarization
grating (PG).

A PG is a sinusoidal phase grating made of a retardation
film with spatially varying optical axis. Different from other
optical gratings, a PG diffracts light into +1 and -1 diffraction
order and all other higher orders are eliminated. Moreover, a
PG has the highest diffraction efficiency among all diffraction
gratings. Applications for PGs are devices based on diffrac-
tion optics. Conventionally, PGs are difficult to make due to
the use of laser beam interference to create spatially varying
alignment on the photoalignment layer, which has high sen-
sitivity to small vibrations of equipment and to airflow.

There are different polarization converters and polarizers
that convert input light with a specified polarization state to
output light with another specified polarization state. The
conversion efficiency is usually highly dependent on the
polarization state of the input light, which means that if the
input light is non-polarized, the conversion efficiency of con-
ventional converters and polarizers will decrease signifi-
cantly.

SUMMARY

Exemplary embodiments of the present invention provide
polarization converters and polarization conversion systems
that are able to convert input non-polarized light to a specified
polarization state with efficiency close to 100%, so that it can
be used to convert a non-polarized light source to a polarized
light source with very high efficiency (higher than the effi-
ciency of conventional polarizers). The polarization convert-
ers and polarization conversion systems include a patterned
polarization grating with left hand and right hand polarization
grating domains. The polarization grating domains are con-
figured to diffract incident non-polarized light into beams
having left and right circular polarization states. Further
embodiments include further features, such as retarders, lens
arrays, mirrors, and glass substrates.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The present invention will be described in even greater
detail below based on the exemplary figures. The invention is
not limited to the exemplary embodiments. All features
described and/or illustrated herein can be used alone or com-
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bined in different combinations in embodiments of the inven-
tion. The features and advantages of various embodiments of
the present invention will become apparent by reading the
following detailed description with reference to the attached
drawings which illustrate the following:

FIG. 1 is an illustrative diagram showing the functionality
of a left-hand polarization grating and a right hand polariza-
tion grating;

FIG. 2 is an illustrative diagram showing a portion of a
polarization grating patterned with alternating left hand and
right hand PG domains in an exemplary embodiment;

FIG. 3 is an illustrative diagram showing a polarization
converter having a patterned polarization grating in an exem-
plary embodiment;

FIG. 4 is an illustrative diagram showing a polarization
conversion system including a lens array in an exemplary
embodiment.

FIG. 5 is an illustrative diagram showing a polarization
conversion system including a lens array and mirrors in an
exemplary embodiment.

FIG. 6 is an illustrative diagram showing a part of the
polarization conversion system depicted in FIG. 5.

DETAILED DESCRIPTION

Embodiments of the present invention provide a polariza-
tion converter that converts input non-polarized light to cir-
cular or linear polarized light with high efficiency. The polar-
ization converter utilizes a patterned polarization grating.
Conventional difficulties with respect to the manufacture of
polarization gratings patterned with spatially-varying align-
ment on the photoalignment layer and/or multiple domains
are overcome by using, for example, a one-step multi-domain
photoalignment process such as described in U.S. patent
application Ser. No. 13/274,127, titled “Patterned Polariza-
tion Converter,” which is incorporated herein by reference in
its entirety.

FIG. 1 is a diagram illustrating the functionality of a left-
hand polarization grating 101 (left side of FIG. 1) and a
right-hand polarization grating 102 (right side of FIG. 1). As
shown in FIG. 1, polarization gratings convert input non-
polarized light to output left and right circular polarized light
with different steering directions. A left hand polarization
grating steers output of left hand circular polarized light to the
right (as shown by arrow 112) and right hand circular polar-
ized light to the left (as shown by arrow 111). A right hand
polarization grating steers output of left hand circular polar-
ized light to the left (as shown by arrow 113) and right hand
circular polarized light to the right (as shown by arrow 114).
It will be appreciated that the steering angle is the angle of the
first diffraction order with respect to the angle of the input
light beam. Like other diffraction gratings, the diffraction
angle of the first order depends on the pitch of the grating.

Turning now to FIG. 2, a portion of a polarization grating
patterned with left hand PG domains 201, 203 and right hand
PG domains 202 according to an exemplary embodiment of
the present invention is depicted. It will be appreciated that
the ellipses ““. .. ”” on either side of the depicted portion of the
patterned polarization grating indicate that the patterned
polarization grating may include a plurality of such alternat-
ing left hand PG and right hand PG domains. It will be
appreciated that the physical size and the number of domains
can be varied. Using photoalignment technology, patterned
polarization gratings may be produced, for example, having a
size of the pattern as 1 um, as well as up to much larger sizes.
The size can be adjusted for different designs and applica-
tions.
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When collimated non-polarized light is input through the
patterned polarization grating, at a certain distance above the
patterned polarization grating (as indicated by dashed line
210), the output beams of left hand circular polarized light
and right hand circular polarized light from the patterned
polarization grating will be separated into periodical domains
(alternating left hand circular polarized light and right hand
circular polarized light domains as shown in FIG. 2). The
distance at which the left circular polarized beam and the right
circular polarized beam are fully separated depends on the
pitch of the polarization grating and the size of the pattern.
Although FIG. 2 shows the polarization grating with uniform
alternating patterns, it will be appreciated that in a further
embodiment, non-uniform PG domains may be used as well.

Turning now to FIG. 3, a patterned quarter wave plate 301
is positioned above the patterned polarization grating at the
distance indicated in FIG. 2 by dashed line 210 (where the
outputs of left hand circular polarized light and right hand
circular polarized light are separated into periodical domains)
s0 as to form a polarization converter according to an exem-
plary embodiment of the present invention. The patterned
quarter wave plate is patterned to match the pattern of the
patterned polarization grating, and preferably, the domain
size of the patterned quarter wave plate matches the domain
size of the patterned polarization grating. The patterned quar-
ter wave plate 301 converts the output domains of left hand
circular polarized light and right hand circular polarized light
to linear polarized light. As shown in FIG. 3, the steering
direction of the linear polarized light is based on the steering
direction of the circular polarized light—i.e., the quarter
wave plate only changes the polarization state of the beams
while leaving the propagating direction unchanged.

Thus, it will be appreciated that the structure shown in FIG.
3 is a polarization converter according to a first exemplary
embodiment of the present invention. The polarization con-
verter includes a polarization grating with both left hand and
right hand alignment domains (i.e., the left hand and right
hand PG domains 201, 202, 203 of the patterned polarization
grating). The left hand and right hand alignment domains
have the same structure except that they are mirror images of
each other—i.e., rotated by 180 degrees. In other words,
given the same input non-polarized light, the output light
from a right hand alignment domain is the same as the output
light of the left hand polarization grating in a plane except that
they are rotated 180 degrees relative to each other. The polar-
ization converter also includes a patterned quarter wave plate
with two types of domains repeating periodically that corre-
spond to the two types of light output from the patterned
polarization converter.

When non-polarized collimated light normally incidents
into the polarization converter, it will first be converted into
left hand and right hand circular polarized light with mirrored
propagating directions by the patterned polarization con-
verter. As discussed above, at a certain distance away from the
patterned polarization grating, the left hand and right hand
circular polarized light will be separated into left hand circu-
lar polarized light domains and right hand circular polarized
light domains. A patterned quarter wave plate (with two types
of'domains corresponding to the two types of incident circular
polarized light domains) is positioned at that distance such
that left hand circular polarized light will incident into one
domain type of the patterned quarter wave plate, and right
hand circular polarized light will incident into the other
domain type of the patterned quarter wave plate. The final
output light from the polarization converter, having passed
through the patterned quarter wave plate, will be linearly
polarized light.
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It will be appreciated that in an alternative embodiment, a
patterned half wave plate may be used instead of a patterned
quarter wave plate. If a patterned half wave plate is used, the
final output light from the polarization converter will be cir-
cular polarized light (whereas with a patterned quarter wave
plate the output light is linearly polarized light). It will be
appreciated that the patterned half wave plate would be pat-
terned in a similar manner as described above with respect to
the patterned quarter wave plate—i.e., with two types of
domains based on the patterning of the polarization grating.

The efficiency of the device depicted in FIG. 3 depends on
the divergence/non-divergence of the input light. If input light
is well-collimated, the device will convert most of the input
light into the desired polarization state. However, if light
input into the polarization converter is not well-collimated,
the polarization converter will have a reduced conversion
efficiency because the patterned polarization grating would
not fully separate the left circular and right circular polarized
light.

In a further embodiment, to address a situation where input
light is non-polarized light that is not well collimated, a lens
array is added in front of the patterned polarization grating as
depicted in FIG. 4. The lens array includes multiple lenses
(401 and 402), each covering either one left hand PG domain
or one right hand PG domain. By combining the lens array
and the patterned polarization grating together, input non-
polarized light will be converted into left circular beam and
right circular beam having separate focusing points. In the
example depicted by FIG. 4, the lens array and patterned
polarization grating separate pairs of beams with different
polarization states and focus them into corresponding
domains on a patterned retarder (e.g., a patterned quarter or
half wave plate).

The polarization converter having the lens array and pat-
terned polarization grating and patterned retarder as shown in
FIG. 4 can be used in a polarization conversion system (PCS)
for Liquid Crystal on Silicon (LCOS) applications. It will be
appreciated that LCOS is a relatively new technology. An
LCOS projector requires light input to an LCOS chip to be
linear polarized, and in a conventional LCOS projector, a
polarizer (with a maximum efficiency of 50%) or a PCS is
used to provide linear polarized light beam to be projected to
the LCOS chip. An exemplary conventional PCS system uses
a pair of fly-eye lens (FEL) arrays with Polarized Beam
Splitter (PBS) arrays, together with wire grid polarizer arrays,
which results in complex structure and high cost for the PCS.

According to exemplary embodiments of the present
invention, a PCS for LCOS is provided with lens arrays and a
patterned polarization grating having left and right hand
polarization grating domains as discussed above with respect
to FIGS. 1-3, and, as discussed above, the patterned polariza-
tion grating separates input non-polarized light into domains
of right hand and left hand circular polarized output light at a
certain distance away from the patterned polarization grating.

In an exemplary embodiment of a PCS for LCOS using the
structure depicted in FIG. 4 with a pair of FEL arrays, input
light passes through a first FEL array, is converted into left
hand and right hand circular polarized light by a patterned
polarization grating, and a patterned retarder (e.g., a patterned
quarter wave plate) converts the circular polarized light into
linearly polarized light that goes into the other FEL array (not
pictured in FIG. 4). The efficiency of such a device was
determined to be around 90% according to simulation results.

Turning now to FIG. 5, another embodiment of a polariza-
tion converter is shown where the lens array includes multiple
lenses with each covering both one left hand polarization
grating domain and one right hand polarization grating



US 9,341,855 B2

5

domain. A mirror array (501) with each mirror positioned
perpendicular to the patterned polarization grating at the
boundary line between domains of the patterned polarization
grating, is configured to reflect beams having one of left and
right hand circular polarization states so as to convert the
beams having one of left and right hand circular polarization
states to beams having the other of the left and right hand
circular polarization states.

Input light passes through the lens array, is converted into
left hand and right hand circular polarized light by a patterned
polarization grating, and a retarder (e.g., a quarter wave plate)
converts the circular polarized light into polarized light of a
different polarization state. The mirrors of the mirror array
traverse the space between the patterned polarization grating
and the retarder and convert one circular polarization state to
the other as illustrated in FIG. 6. The substrate for the reflec-
tive mirrors may be comprised of glass arranged as a glass
substrate array, which helps reduce the divergence of light
after the light passes through the polarization grating (since
divergence of light in glass is smaller than divergence of light
in air due to the higher refractive index of glass). The structure
depicted in FIGS. 5-6 is able to achieve efficiencies of higher
than 90%, and with a relatively compact structure. Further, it
will be appreciated that an unpatterned retarder may be used
in the structure depicted in FIG. 5.

An exemplary embodiment of a PCS for LCOS uses the
structure depicted in FIG. 5 with a pair of FEL arrays, with
one FEL array on either side of the polarization grating
together with the mirror array and retarder.

The polarization converters depicted in FIGS. 4 and 5
include a polarization grating with both left hand and right
hand alignment domains similar to FIGS. 1-3. The left hand
and right hand alignment domains can have the same struc-
ture except that they are mirror images of each other—i.e.,
rotated by 180 degrees. In other words, given the same input
non-polarized light, the output light from a right hand align-
ment domain is the same as the output light of the left hand
polarization grating in a plane except that they are rotated 180
degrees relative to each other. When non-polarized light
(whether collimated or not collimated) incidents into the
polarization converter, it will first be converted into left hand
and right hand circular polarized light with mirrored propa-
gating directions by the patterned polarization converter. The
lens arrays are designed such that light beams with different
polarization states will be focused at different focal points in
order to make sure they are totally separated. The patterned or
unpatterned retarder may be a quarter wave plate that converts
the circular polarized light to linear polarized light, so the
final output light from the polarization converter is linear
polarized light.

All references, including publications, patent applications,
and patents, cited herein are hereby incorporated by reference
to the same extent as if each reference were individually and
specifically indicated to be incorporated by reference and
were set forth in its entirety herein.

The use of the terms “a” and “an” and “the” and “at least
one” and similar referents in the context of describing the
invention (especially in the context of the following claims)
are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by
context. The use of the term “at least one” followed by a list
of'one or more items (for example, “at least one of A and B”)
is to be construed to mean one item selected from the listed
items (A or B) or any combination of two or more of the listed
items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,”
“including,” and “containing” are to be construed as open-
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ended terms (i.e., meaning “including, but not limited to,”)
unless otherwise noted. Recitation of ranges of values herein
are merely intended to serve as a shorthand method of refer-
ring individually to each separate value falling within the
range, unless otherwise indicated herein, and each separate
value is incorporated into the specification as if it were indi-
vidually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate
the invention and does not pose a limitation on the scope of
the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.

Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill
in the art upon reading the foregoing description. The inven-
tors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be
practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements in all pos-
sible variations thereof is encompassed by the invention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

The invention claimed is:

1. A polarization converter, comprising:

a patterned polarization grating comprising multiple
domains of a first type and multiple domains of a second
type;

wherein each of the multiple domains of the first type is
configured to diffract incident non-polarized light into
left hand circular polarized beams at a first angle relative
to the patterned polarization grating and right hand cir-
cular polarized beams at a second angle relative to the
patterned polarization grating, and each of the multiple
domains of the second type is configured to diffract
incident non-polarized light into left hand circular polar-
ized beams at the second angle relative to the patterned
polarization grating and right hand circular polarized
beams at the first angle relative to the patterned polar-
ization grating;

wherein left hand circular polarized beams from a first
domain of the patterned polarization grating converge
with left hand circular polarized beams from a second
domain of the patterned polarization grating adjacent to
the first domain at a distance away from the patterned
polarization grating;

wherein right hand circular polarized beams from the sec-
ond domain of the patterned polarization grating con-
verge with right hand circular polarized beams from a
third domain of the patterned polarization grating adja-
cent to the second domain at the distance away from the
patterned polarization grating; and

wherein the polarization converter further comprises:

a patterned retarder, comprising retarder domains of a first
type corresponding to lefthand circular polarized beams
and retarder domains of a second type corresponding to
right hand circular polarized beams, wherein the pat-
terned retarder is positioned at the distance away from
the patterned polarization grating.
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2. The polarization converter of claim 1, wherein the mul-
tiple domains of the first type of the patterned polarization
grating and the multiple domains of the second type of the
patterned polarization grating are uniformly distributed
across the patterned polarization grating.

3. The polarization converter of claim 1, wherein the left
hand circular polarized beams diffracted at the first angle
relative to the patterned polarization grating and the right
hand circular polarized beams at the second angle relative to
the patterned polarization grating propagate in directions
relative to one another that are mirrored about an axis
orthogonal to the patterned polarization grating.

4. The polarization converter of claim 1, wherein the pat-
terned retarder domains of the first type are patterned quarter
wave plate domains and the patterned retarder domains of the
second type are patterned quarter wave plate domains
orthogonal to the patterned retarder domains of the first type.

5. The polarization converter of claim 1, wherein the pat-

terned retarder domains of the first type are patterned half 29

wave plate domains.
6. The polarization converter of claim 1, further compris-
ing:

8

a lens array having multiple lenses, wherein each lens
corresponds to a domain of the patterned polarization
grating.

7. The polarization converter of claim 1, further compris-

a lens array having multiple lenses, wherein each lens
corresponds to two adjacent domains of the patterned
polarization grating.

8. The polarization converter of claim 7, further compris-

a mirror array comprising mirrors perpendicular to the
patterned polarization grating with each mirror posi-
tioned at the boundary line between domains of the
patterned polarization grating, configured to reflect
beams having one of left and right hand circular polar-
ization states so as to convert the beams having one of
left and right hand circular polarization states to beams
having the other of left and right hand circular polariza-
tion states.

9. The polarization conversion system of claim 8, further

comprising:

a glass substrate array on which the mirrors are deposited.

#* #* #* #* #*



